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Abstract 
 
The rheological behavior of cellulose nanocrystals (CNCs) in polar media based on 
polyethylene glycol (PEG) was investigated from aqueous suspensions to 
nanocomposites. The aim of this work is to improve our knowledge on the CNC behavior 
in polymer media and develop rheological indices to characterize the dispersion of 
nanoparticles in polymer matrices. CNCs were obtained from sulfuric acid hydrolysis of 
wood pulp and supplied after a spray- or freeze-drying process. Ultrasonication was used 
to break agglomerates and disperse CNCs in aqueous suspensions before mixing with an 
aqueous PEG solution at room temperature. The samples were subsequently dried and 
compression molded. From capillary and oscillatory shear rheology, no adsorption of 
PEG chains on CNCs could be detected, as many had previously hypothesized. The 
increase of PEG concentration in aqueous suspension favored the gelation by depletion 
effect and suggested CNC orientation. Viscoelastic properties and transmission electronic 
images of PEG/CNC nanocomposites highlighted the formation of a percolated network 
of CNCs for low concentrations   0.15 vol%. From Shih et al.’s model, a fractal 
dimension of 2 was obtained for these percolated nanocomposites, suggesting a 2D 
network of CNCs in the PEG matrix. 
 
Keywords: cellulose nanocrystals, polyethylene glycol, apparent yield stress, 
percolation network 
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1. Introduction 
 
Over the last decades, the interest for carbon [1,2], clay [3] and cellulosic [4] 
nanoparticle-based composites has been growing. Due to their natural abundance,  
biodegradability, optical properties, high stiffness and  low density [5,6], cellulose 
nanocrystals (CNCs) have a potential for the reinforcement of thermoplastic matrices [7]. 
Polar CNCs are usually produced  by sulfuric acid hydrolysis of wood pulp [8],  followed 
by freeze-drying or spray-drying [9]. These drying processes, essential to store and 
commercialize CNCs [6], cause a strong agglomeration [10], which are then difficult to 
redisperse using conventional melt mixing methods, especially in non-polar 
thermoplastics [11]. Despite higher costs, solution mixing allows for well-dispersed 
nanocomposites [12–17] and could potentially be performed directly during the aqueous 
hydrolysis phase. The structure of CNCs in various media is still misunderstood. 
Agglomerates can be broken by the ultrasonication of CNC aqueous suspensions to 
achieve nanodispersion [18].  
Polyethylene oxide (PEO) or glycol (PEG) (depending on molar weight) is a water-
soluble biocompatible polymer used in biomedical applications [19]. Since it has a low 
melting point [20,21], CNC thermal degradation can be avoided when preparing 
composites in the molten state  [22]. In fact, PEG/CNC may be considered as a model 
system to improve our knowledge of the behavior of CNCs in the presence of polymers 
[23], from aqueous suspensions to composites. The development of thermodynamic, 
structural and rheological methods for optimal dispersion of CNCs will be useful for 
future CNC applications. Moreover, the role of PEG in CNC colloidal aqueous 
suspensions is very important for hydrogel production [24] or fiber electrospinning [25]. 
Previous studies showed that PEG did not adsorb on cellulosic fibers [26] or 
microcrystals [27]. However, while some authors suggest the adsorption of PEG on CNC 
surfaces [28–30], their results seem to be incompatible with an adsorption mechanism 
[31,32]. Generally, polymer adsorption on CNC surfaces leads to a gelation at both low 
polymer and CNC concentrations, often associated with a bridging effect [31,33], while a 
slow flocculation by depletion is usually observed for non-adsorbed polymers [34]. The 
rheological behavior of CNC suspensions in polymeric media is controlled by the 
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morphology of nanoparticles and nanocomposite structure.  Rheology is a useful tool to 
investigate the phenomena involved during the elaboration steps (from aqueous 
suspensions to molten composites). 
 The rheological properties of CNC water suspensions have been heavily 
investigated [18,35,36]. However, the rheological behavior of CNCs in thermoplastics 
[37], often prepared via solvent mixing, still needs clarification. Favier et al. [38] first 
showed a percolation network between tunicate CNCs that occurred at a critical volume 
fraction of 1 vol% in a styrene-butyl acrylate copolymer. Later, Tin et al. [39] observed a 
solid-like behavior at low frequencies for aqueous suspensions above 1 vol% of wood 
pulp CNCs in polyhydroxalkanoate (PHA). A yield stress related to a CNC percolation 
network was reported by Bagheriasl et al. [17] for polylactide (PLA)/CNC 
nanocomposites elaborated by solution mixing at concentrations above ~0.5 vol%.  This 
network was correlated with an improvement of the mechanical properties of the 
composite [40]. Kamal and Khoshkava [41] obtained similar properties for PLA/2 vol% 
CNC composites prepared by melt mixing using a unique spray-freeze-drying process to 
prepare the CNCs. In another study, PEO was used as a compatibilizer in PLA/CNC 
nanocomposites to improve filler dispersion and decrease the percolation threshold [42]. 
Finally, Safdari et al. [43] have observed a yield behavior of PEO/cellulose nanofibers 
(CNFs) around 1 vol% CNFs, a value similar to  that reported in the case of a PLA matrix 
[44]. 
The aim of this study is to understand via rheology the CNC structuration in the 
presence of a water-soluble, polar and Newtonian PEG thermoplastic matrix, from 
aqueous suspensions to composites, used as a model system. The influence of the CNC 
dispersion state in aqueous suspensions on the final rheological properties of the 
PEG/CNC composites is investigated for different ultrasonication treatments and two 
types of CNC (spray or freeze-dried sample). This fundamental step is helpful for the 
future understanding of new nanocomposites systems, elaborated by melt-mixing with 
thermoplastic matrices. 
 
  
4 
 
2. Materials and methods 
 
Water-soluble polyethylene glycol (PEG) was purchased from Sigma Aldrich 
(Oakville, Ontario, Canada). From the technical data sheet the PEG density is 1.14 g.cm-
3, number average molar weight, Mn, is~ 20,000 g.mol-1 and melting point, Tm, ~ 63-66 
°C. Its polydispersity index is estimated to be 1.05, according polydispersity 
measurements done by Ling et al. [45] for several PEG grades supplied by Sigma Aldrich 
and Alfa Aesar (Tianjin, China).  
CNCs obtained from sulfuric acid hydrolysis of wood pulp [8] followed by 
neutralization with sodium hydroxide (NaOH) and spray or freeze-drying processes were 
supplied by CelluForce (Montreal, Canada) and FPInnovations (Pointe Claire, Canada), 
respectively. The presence of 3.4 sulfate half ester groups O-SO3H per 100 
anhydroglucose units on CNC surfaces was determined by X-Ray spectroscopy (EDX) 
for both spray and freeze-dried CNCs, using a Tabletop Hitachi TM3030+ scanning 
electron microscope operating at 15 kV. The dimensions of the CNC particles were 
measured via transmission electronic microscopy (TEM) based on the measurements of 
at least 100 particles, using a TEM Jeol JEM 2100F bright field imaging, operating at 200 
kV. The average length L0, diameter d0 and aspect ratio p0 were 165 nm, 13 nm and 12.5, 
respectively. The density of CNCs was taken equal to 1.54 g.cm-3. 
CNC suspensions with a volume fraction  = 3.3 vol% in Milli-Q water (at 18.2 
M.cm) were ultrasonicated using a Sonics & Materials VCX500 probe, operating at 20 
kHz, using two different power levels P (10 and 50 W), and energy E varying from 5,000 
to 10,000 J/gCNC. The volume in the glass container used was ~ 40 mL (2.9 cm height by 
2.1 cm radius). The container was placed in an ice bath and the ultrasonication was 
applied in pulse cycles: 10 s ON / 1 s OFF for P = 10 W, and of 1 s ON / 1 s OFF for P = 
50 W, in order to avoid overheating. The intensity weighted mean hydrodynamic 
diameter (Z-average) of the CNC particles in suspensions was measured for dilute 
suspensions (0.03, 0.6 and 0.13 vol%) by diffusion light scattering (DLS), using a 
Malvern Zetasizer Nano-ZS (DTS1070 cell). The average results are reported in Table I. 
The higher Z-average values for low ultrasonication treatments were mainly attributed to 
the presence of some large CNC agglomerates with a size of few micrometers, 
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particularly observed in the case of freeze-dried CNC. However, most particles had a 
mean hydrodynamic diameter of few tenths of nanometers. The same limit particle size 
was reached for both spray and freeze-dried CNCs, after an efficient ultrasonication 
treatment. 
 
TABLE I. Z-average hydrodynamic diameters for CNC aqueous suspensions after different ultrasonication 
treatments. 
CNC Power (W) 
Energy 
(J/gCNC) 
Z-average 
diameter 
(nm) 
Spray-dried 10 
5,000 115
10,000 75
50 10,000 75
Freeze-dried 10 5,000 14550 10,000 75
 
PEG flakes were solubilized in Milli-Q water for 30 min at 400 rpm under 
magnetic stirring at 50 °C. Then, the CNC suspensions were mixed using a magnetic 
stirrer for 30 min at 400 rpm at room temperature with PEG aqueous solutions to obtain 
suspensions with a final CNC volume fraction  ranging from 0 to 2 vol% and containing 
0, 20, 30 and 40 wt% PEG with respect to water and PEG. Finally, to obtain PEG 
composites with CNC concentrations ranging from 0 to 3.8 vol%, samples were dried 
under vacuum at T = 50 °C for 48 h and compression molded at 80 °C for 10 min using a 
Carver hydraulic press, in order to obtain disk-shaped samples for rheometry. The 
pressure was increased by steps from 0 to 27.6 MPa in order to avoid air bubbles, and the 
samples were cooled down to room temperature using a water cooling system. 
 
Potential PEG adsorption on CNC was investigated following the method proposed 
by Lenfant et al. [31] in the case of hydroxyethyl cellulose (HEC). A Cannon Fenske 
viscometer with a capillary diameter of 50 µm was used. A calibration curve of the PEG 
solution relative viscosity r as a function of polymer initial concentration ci is plotted, at 
T = 25°C, in Fig. 1. The solution flow times are ranging from 195 to 305 s for Milli-Q 
water and ci = 0.01 g.mL-1 PEG solution, respectively. The data were fitted using the 
Kraemer equation [46]: 
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    22)
2
1(ln iHir ckc                                    (1) 
where [] is the intrinsic viscosity and the Huggins constant kH = 0.54 [47]. The intrinsic 
viscosity [] was determined to be ~ 45 mL.g-1 for PEG in water at T = 25°C, similar to 
the value obtained by Shulyak et al. [48] and corresponding to c* ~ 1/[] ~ 0.022 g.mL-1, 
which characterizes the limiting concentration for the dilute regime. The Mark–Houwink 
relation [] = KMvwas used to determine the viscosity-average molar weight Mv ~ 
23,000 g.mol-1, considering K = 4.40×10-2 mL.g-1 and  = 0.69 [48], close to the number 
average molar weight Mn given by the supplier (20,000 g.mol-1). 
 
0.000 0.002 0.004 0.006 0.008 0.010
1.0
1.1
1.2
1.3
1.4
1.5
1.6
 PEG solution
 Kraemer
 r
ci [g.mL
-1]  
FIG. 1. Relative viscosity r as function of concentration ci for water/PEG solutions. The line corresponds 
to the fit of the Kraemer equation. 
 
 A spray-dried CNC suspension with  = 3.3 vol% was ultrasonicated at P = 50 W 
and E = 10,000 J/gCNC. Then, sixteen (16) suspensions were prepared as described 
previously with a CNC volume fraction ranging from 0 to 0.65 vol% and PEG 
concentration ci ranging from 0.005 to 0.01 g.mL-1 and corresponding to the dilute 
regime. The suspensions were allowed to rest at room temperature for 24 h. Then, CaCl2 
up to a concentration of 100 mM was added to the suspensions in order to precipitate the 
CNCs and trap the absorbed polymer chains, with the assumption that the salt addition 
does not disturb the polymer adsorption phenomenon [31]. The suspensions were then 
centrifuged for 20 min at 13,000 rpm. We note that the centrifugation of CNC 
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suspensions without CaCl2 addition did not allow for phase separation. Finally, the 
supernatant containing the non-adsorbed PEG was extracted and its flow time was 
measured using a Cannon Fenske viscometer to determine the final polymer 
concentration, cf, using the calibration curve (Fig. 1). The adsorbed PEG concentration ci 
– cf was determined and converted into ads as mg of adsorbed PEG per g of CNC. 
 
For CNC suspensions in aqueous PEG solutions, the rheological tests were 
performed using a controlled stress Anton Paar MCR502 rheometer (equipped with a 
double-wall Couette geometry), after a pre-shear at 100 s-1 over 100 s followed by a rest 
time of 180 s, to obtain a comparable initial state. Frequency sweep tests, with frequency 
 ranging from 100 to 10-2 rad.s-1, at a strain amplitude within the linear viscoelastic 
regime, and shear rate tests,   ranging from 0.5 s-1 500 s-1, were performed. Time sweep 
measurements in the linear domain were done at = 5 rad.s-1 for CNC suspensions in 
aqueous PEG solutions with  = 2 vol% for 10 h.  
For PEG/CNC composites, oscillatory shear measurements were performed on 
disk shape samples dried under vacuum for 24 h at T = 50°C using a controlled stress 
Anton Paar MCR301 rheometer equipped with a parallel plate geometry with a diameter 
of 25 mm and a gap of 1 mm. The rheological tests were carried out under air, in the 
molten state at 80 °C, for spray and freeze-dried CNC-based PEG composites with a 
CNC volume fraction  ranging from 0 to 3.8 vol%, previously ultrasonicated following 
different treatments (Table I). Time sweep measurement showed that the viscoelastic 
properties of PEG and PEG/CNC composites (= 3.8 volwere stable at T = 80 °C for 
4 h (results not shown). Strain sweep tests, with strain amplitude  ranging from 0.0001 
to 1, at  = 10 rad.s-1 and frequency sweep tests,  ranging from 100 to 10-2 rad.s-1, in the 
linear domain, were conducted at T = 80 °C without pre-shearing to preserve the initial 
CNC structure. All rheological data were reproducible to ± 10%. 
 
 TEM images of CNC in the PEG matrix were taken using a bright field imaging 
Jeol JEM 2100F, operating at 200 kV. Because the crumbling characteristics of 
PEG/CNC composites did not allow the use of an ultracryomicrotome after compression 
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molding, the initial CNC suspension with  = 0.07 vol% CNCs (or 0.2 vol% relative to 
PEG) and 40 wt% PEG was diluted one hundred times with Milli-Q water, in order to 
obtain a thin film of PEG/CNC composite. A droplet of this suspension was dried to 
eliminate water, at room temperature on TEM grids for 30 min before observation. Fig. 2 
presents the TEM image of that PEG/0.2 vol% spray-dried CNC nanocomposite initially 
ultrasonicated at P = 50 W and E = 10,000 J/gCNC. This image shows the percolation 
between CNC nanoparticles, at this concentration ( ~ 0.2 vol%), in micron size flocs (, 
drawn as illustrative) usually observed in the case of colloidal gels [49]. 
 
    
FIG. 2. TEM image of a PEG/0.2 vol% spray-dried CNC nanocomposite. 
 
 
3. Results and discussion 
 
3.1 Role of PEG in CNC aqueous suspensions 
 
In this part concerning the role of PEG in CNC aqueous suspension, the tests were 
carried out after the ultrasonication of spray-dried CNC water suspension at P = 50 W 
and E = 10,000 J/gCNC. 
 
The possible adsorption phenomenon of PEG on CNC surface is compared to that 
observed by Lenfant et al. for HEC [31]. The theoretical maximum adsorption of PEG on 
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CNC surface, ads max ~ 250 mg/g, was estimated using the relation proposed by van de 
Ven [50], based on geometrical parameters of PEG chains and CNC surface: 
 
max 2
v
ads c
A
M Ak
N a                              (2) 
where kc = 0.55 for random coverage, Mv = 23,000 g.mol-1 is the viscosity-average molar 
weight (calculated from the relative viscosity, Fig. 1), NA the Avogadro number (Mv /NA 
represents the mass of a single polymer chain), A = 250 m2/g [51], the specific surface 
area of CNCs, and a = a(N/6)1/2, the gyration radius of PEG chains for which  the 
monomer length is a = 0.297 nm, and the degree of polymerization N ~ 450. In the case 
of HEC, this relation gives ads max ~ 300 mg/g, in the same order of magnitude as the 
maximum adsorption plateau value measured by viscometry, i.e. ads max ~ 400 mg/g [31].  
Fig. 3 presents the adsorption isotherms of PEG and HEC on CNCs, ads, as a 
function of the final polymer concentration, cf. For all PEG samples ads is close to 0, 
very far from the estimated value of 250 mg/g based on Eq. (2), suggesting  that PEG 
chains do not absorb on CNC surface (assuming that the salt addition did not induce 
polymer desorption [31]) and confirming the results of a recent study [52]. As reported 
by Reid et al. [32] the potential hydrogen bonding between the polymer and CNCs does 
not govern the adsorption in water, in disagreement with Cheng et al.’s [29] suggestion. 
However, HEC adsorption was clearly demonstrated by Lenfant et al. [31] (Fig. 3). 
 
0.000 0.002 0.004 0.006 0.008 0.010
0
100
200
300
400
 HEC/CNC
 PEG/CNC
 Langmuir model
 ad
s (
m
g.
g-
1 )
cf (g.mL
-1)  
FIG. 3. Isotherm adsorptions ads as function of the concentration cf for PEG and HEC (data of Lenfant et 
al.  [31]). Lines correspond to the Langmuir model fits [53] and no adsorption is seen for PEG. 
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Non-ionic polymer adsorption on fillers can also be predicted by considering 
successively the solvent or polymer affinity towards the two other phases. 
Thermodynamically, polymer adsorption is possible when the entropy loss related to 
changes in the polymer chain conformation is lower than the enthalpy gain by the system 
caused by heat release [26]. In other words, polymer adsorption can occur if the affinity 
between the polymer chains and the filler surface is higher than that between the solvent 
and the filler surface. We use the method proposed by Sumita et al. [54], widely used in 
the case of ternary thermoplastic nanocomposites [55], to predict the filler location in 
emulsions. The first step of the Sumita et al. method considers the dispersive d and polar 
p components of the surface tensions  to determine the interfacial tension between two 
compounds (1 and 2) using the Wu’s harmonic mean average equation [56]: 
 
ppdd
21212121 22                (3) 
Using these interfacial tensions, the wetting coefficient a can be determined to 
quantify the affinity of one component, called C, towards two others called A and B: 
 
 
BA
ACBC
a

  
                           (4) 
If -1 < a < 1, the component C is preferentially located at the interface between A 
and B while when a < -1 and a > 1, the affinity of C towards B or A is larger, 
respectively. An adsorption parameter X can be estimated from the difference between 
the wetting coefficient of C with the solvent aS, and that with the polymer, aP (for X > 
0, the affinity between the polymer and the filler surface is higher than that between the 
solvent and the filler surface). Table II presents the dispersive d and polar p 
contributions of the surface tensions , of water, polyethylene glycol (PEG), 
hydroxyethyl cellulose (HEC) and CNC taken from the literature. Using Eq. (3), the 
interfacial tensions water-PEG, water-CNC and PEG-CNC are respectively equal to 14.06, 6.40 
and 3.98 mJ.m-2, leading to aS = -1.92 and aP = -1.57 for PEG (Eq. (4)). The adsorption 
parameter X = - 0.35 (< 0,) suggests that the PEG chain adsorption on CNCs seems not to 
be favored thermodynamically. For HEC, same calculation leads to X = 1.96 (> 0), 
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suggesting a possible polymer adsorption on CNC surface. These results confirm that 
PEG would not absorb on CNC surface, whereas adsorption would be important in the 
case of HEC. Let us note that using the surface tension of polyvinyl alcohol (PVA) [57] 
and dextran [58], this approach predicts their respective adsorption and non-adsorption on 
CNCs, in agreement with demonstrations in the literature [33,59]. 
 
TABLE II. Dispersive d and polar p components of the surface tensions  of components at room 
temperature. 
 d (mJ/m2) p (mJ/m2) (mJ/m2) 
Water [60] 21.8 51.0 72.8 
PEG [61] 30.6 12.2 42.8 
HEC [62] 25.6 36.9 62.5 
CNC [51] 40.9 28.0 68.9 
 
Fig. 4 presents the variation of the elastic G’ and loss G’’ moduli as functions of 
time for the spray-dried CNC suspensions without and with the addition of 20, 30 and 40 
wt% PEG in water for CNC  = 2 vol%, in the linear domain over 10 h. 
 
 
0 2 4 6 8 10
10-4
10-3
10-2
10-1
100
101
102
T = 25°C,  = 5 rad.s-1,  < c
 G' G''  100/0/2
 G' G''  80/20/2
 G' G''  70/30/2
 G' G''  60/40/2
 Mobuchon modelG
' [
P
a]
 (
) ;
 G
'' 
[P
a]
 (
)
t [h]  
FIG. 4. Time sweeps for water/PEG/CNC suspensions with  = 2 vol%. Lines correspond to the Mobuchon 
model fits [63]. 
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For the suspensions in the PEG solutions, we observed increases of the moduli over 
time. These increases can be described by the empirical model proposed by Mobuchon et 
al. [63], adapted from Dullaert and Mewis [64]: 
 
'( ) ' ( ' ' ) 1 exp
'
m
i i
b
tG t G G G 
             
                         (5) 
where G’i, G’∞ are respectively the initial and final storage modulus at t = 0 and t tending 
towards infinity, and 'b and m are a characteristic time of the structure build-up and a 
stretching exponent, respectively. The same equation (Eq. (5)) was used for the loss 
modulus G” and taking the stretching exponent equal to 1 (a value close to 1 was 
obtained for all suspensions leaving this parameter free in a first fit, according to the 
same overall shape of time sweeps), the values for ’b, ’’b, G’∞ and G”∞ obtained by the 
best fits of the curves of Fig. 4 are given in Table III. The increases of G’ and G” as 
functions of time are larger as the PEG concentration increases. A cross-over point 
between G’ and G” is clearly observed after about 1 h for the aqueous suspension 
containing 40 wt% PEG ( = 2 vol%), and G’∞ is larger than G”∞ (Table III), suggesting 
a gel structure. For the lower PEG concentrations ( = 2 vol%), G’∞ < G”∞ but the 
difference between these two values is reduced as the PEG concentration increases. The 
characteristic times ’b and ’’b decrease overall, respectively from ~ 41 h to ~ 10 h and 
from 89 h to 4 h, by increasing PEG concentration from 0 to 40 wt%, suggesting that 
PEG accelerates CNC structuration by favoring percolation. These characteristic times 
should be identical for G’ and G” but due to the empirical nature of this model these 
values need to be discussed with caution. The non-adsorbed PEG chains reduce the 
electrostatic repulsion due to depletion forces and a structure built-up occurs by 
flocculation, as reported by Lenfant et al. [65] in the case of an electrostatic repulsion 
screening by sodium chloride. Moreover, the excluded volume caused by PEG chains 
probably reduces the distance between CNCs by steric effect. 
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TABLE III. Fitted parameters ’b, ”b,G’∞ and G”∞ , for CNC  suspensions at  = 2 vol%. 
Water/PEG/CNC 
suspensions 
’b (h) G’∞ (Pa) ”b (h) G”∞ (Pa) 
100/0/2 41 0.009 89 0.06 
80/20/2 12 0.97 10 2.3 
70/30/2 15 16 11 18 
60/40/2 10 98 4 37 
 
In order to understand the role of PEG in the first minutes of the composite 
preparation, viscoelastic properties of the suspensions were measured directly after 
solution mixing, without excluding a variation of the rheological properties during the 
maximum 30 minutes of each test (Fig. 4), especially for highly concentrated systems in 
both PEG (30 and 40 wt%) and CNC (2 vol%). Fig. 5 presents the elastic G’ and loss G’’ 
moduli (a and c) and the complex * and shear  viscosities (b and d) as functions of 
angular frequency  or shear rate   for spray-dried CNC suspensions, without (a and b) 
and with the addition of 30 wt% PEG (c and d) in water for  ranging from 0 to 2 vol%. 
No significant elastic modulus could be measured in the case of CNC water suspensions 
(Fig. 5(a)), and for all CNC polymeric suspensions (Fig. 5(c)), G” is higher than G’, 
characterizing a liquid-like behavior. The addition of PEG and CNC increases the 
viscoelastic properties of suspensions. Except for the suspension containing 30 wt% PEG 
and 2 vol% CNC, where a strong structure builds-up, G’ and G” exhibit, respectively, a 
slope of 1 and 2 in the terminal zone, in agreement with the Newtonian plateau shown in 
Figs. 5(b) and 5(d). The Cox-Merz rule () = ( ) is valid for all suspensions in Fig. 5, 
suggesting a weak structure [18]. At high frequencies and shear rates, shear thinning is 
observed above a critical shear rate  c (Fig. 5(b) and 5(d)), due to the orientation of 
CNCs in the flow direction, corresponding to the rotational Péclet number [66], Perot = 1, 
characterizing the limit of the flow being dominated by Brownian motion and 
hydrodynamic forces. The critical shear rate  c decreases as the PEG concentration 
increases, due to the increase of the solution viscosity. At low frequencies and shear 
rates, a Newtonian plateau 0 is observed for all suspensions. This result suggests that 
there is no polymer adsorption and bridging effect between CNCs, contrary to the fast 
gelation highlighted in the case of adsorbed polymers [31,33] at very low concentrations 
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of both CNC and polymer (~ 0.2 wt%), and in agreement with the adsorption isotherms 
of Fig. 3. Oguzlu and Boluk [30] did not observe CNC gelation with the addition of 
polyethylene oxide (PEO) in aqueous suspensions, but nevertheless attributed the 
increased rheological properties to PEO adsorbed on CNCs, which would increase steric 
repulsion between CNCs. However, a conventional colloidal electrostability of CNC 
aqueous suspensions containing non-adsorbed polymer would seems a more appropriate 
mechanism. 
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FIG. 5. Elastic G’ (filled symbols) and loss G” (open symbols) moduli (a, c), complex * (filled symbols) 
and shear  (open symbols) viscosities (b, d) as functions of angular frequency  and shear rate  for 
spray-dried CNC suspensions without PEG (a, b) and with 30 wt% (c, d) in water. 
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For all spray-dried CNC suspensions, without and with the addition of 20, 30 and 
40 wt% PEG in water, the relative viscosity r is plotted as a function of CNC volume 
fraction  in Fig. 6. The relative viscosity is defined as the ratio of the Newtonian 
viscosity of the filled suspension to that of the unfilled suspending medium,  
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FIG. 6. Relative viscosity r as a function of volume fraction for the CNC suspensions in PEG aqueous 
solutions. Lines correspond to the Fedors model fits. 
 
The Fedors model [67], widely used in the case of dilute and semi-dilute CNC 
suspensions [68], has been used to fit the experimental data of Fig. 6. It is expressed by: 
  
    mr
11
)1(2
1                                             (6) 
In the literature m is usually called maximum packing density or fraction [35]; it is 
the concentration at which jamming occurs. The theoretical maximum packing fraction 
was estimated for rigid, non-interactive hexagonally packed cylindrical rods to be close 
to 90 vol% [69], which is much larger than the maximum packing fractions reported in 
Table IV.  [] is the intrinsic viscosity, which is equal to the sum of the rigid body []0 
and the electroviscous []el contributions of CNC particles [68]. The Simha relation [70] 
validated for CNC nanorods [36] is used  to determine the rigid body contribution: 
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 
)5.02(ln5)5.12(ln1515
14 22
0  p
p
p
p                              (7) 
Taking the aspect ratio p = 12.5 as previously determined by TEM, []0 = 18.5. The 
values of m, [], []0 and []el are listed in Table IV for all suspensions. As expected, r 
increases with  up to a maximum volume fraction m where r tends towards infinity. 
When the viscoelastic properties are quasi-independent of time, i.e. for low CNC 
concentrations, the addition of PEG leads to a less intense increase of r at low  (insert 
Fig. 6), due to less electrostatic repulsion between CNCs, highlighted by the decrease of 
[]el (Table 4). On the other hand, m decreases with PEG concentration, suggesting that 
the PEG favors gelation between CNCs due to a depletion effect. 
 
TABLE IV. Maximum packing volume fraction  m, intrinsic viscosity [] and its rigid body []0 and 
electroviscous []el contributions for water/PEG/CNC suspensions. 
Water/PEG/CNC 
suspensions 
m 
(vol%)
[] []0 []el 
100/0/x 6.5 180 
18.5
161.5
80/20/x 3.4 
85 66.5 70/30/x 2.7 
60/40/x 2.4 
 
3.2 CNC network characterization in PEG thermoplastic matrix 
 
In this section, the rheological behavior of PEG/spray and freeze-dried CNC 
nanocomposites is investigated, for different ultrasonication treatments of the precursor 
CNC aqueous suspensions (Table I), in order to develop rheological tools for indirect 
structural characterization of CNC composites based on molten polymers. Fig. 7 presents, 
as an example, a strain sweep test for the 2.2 vol% spray-dried CNCs in molten PEG at 
80 °C, after an initial ultrasonication of the CNC aqueous suspension at P = 50 W and E 
= 10,000 J/gCNC. Galindo-Rosales et al. [71] demonstrated that, above the percolation 
threshold, the ratio between the elastic modulus plateau G’p and the maximum loss 
modulus value G” max can be used as a criterion for the dispersion quality of the sample. 
This ratio characterizes the strength of the network at rest [72]. Even if for freeze-dried 
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and spray-dried CNC, both G’p and G” max are generally larger after a strong 
ultrasonication treatment (E = 10,000 J/gCNC) than those after a weak ultrasonication 
treatment (E = 5,000 J/gCNC), in agreement with the Z-average hydrodynamic diameter 
measurements (Table I), the ratio G’p/G” max is similar for each fraction (for example, 
close to 3.5 for  = 2.2 vol%), i.e. unchanged by the severity of the ultrasonic treatment, 
which clearly affects the dispersion of the CNCs. If the plateau values at low strains (G’p 
and G”p) were related to the floc network reorganization before rupture, G” max was 
associated to conformation changes of agglomerates [73]. The strong interactions linking 
the CNC particles in agglomerates could prevent their rearrangement and could not 
discriminate the dispersion state refinement obtained after breaking agglomerates. Hence, 
the method proposed by Rosales et al. [71] is not conclusive to differentiate the 
dispersion quality of our PEG/CNC systems containing only a few large agglomerates. 
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FIG. 7. Elastic G’ (filled symbols) and loss G” (open symbols) moduli as a function of strain  for a 
PEG/2.2 vol% spray-dried CNC nanocomposite. 
 
 It is also possible to consider the critical strain and the apparent yield stress as 
criteria for the dispersion state of CNC in PEG. Strain sweep measurements were used to 
plot the variations of the critical strain c, determined by the tangent method (as shown in 
Fig. 7) for the elastic modulus G’, as a function of volume fraction  for PEG/spray-dried 
and freeze-dried CNC nanocomposites (Fig. 8). The critical strain values c are about 
independent of the CNC used (spray-dried or freeze-dried) and the ultrasonication 
treatment applied within the range studied. We note that the determination of precise c 
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values is difficult to highlight the different dispersion states of CNCs in PEG following 
ultrasonication treatments. For all nanocomposites, c decreases with the volume fraction 
following a power-law expression with an exponent equal to -0.8 ( 0.8c  ). A slope 
of -2 was determined from Kamal and Khoshkava’s data [41] for PLA/CNC composites 
prepared by melt mixing. In the case of polyamide composites filled with mineral 
platelets, a slope of -2 was measured for micrometric talc [74] while a slope of -1 was  
reported for nanometric organically modified montmorillonite [74,75], hinting at the 
nanodispersion of CNCs in PEG-based composites elaborated by solution mixing.. 
Moreover, such viscoelastic non-linearities (Fig. 8) appear at lower volume fractions than 
those reported in the literature for PLA [40]. These results could be explained by the 
particle relative degree of dispersion state in the thermoplastic matrix, along with the 
affinity between CNC and the polymer, as observed by Beuguel et al. [74] in the case of 
PA/clay microcomposites and nanocomposites (with different values for the PA polarity 
and particle aspect ratio). 
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FIG. 8. Critical strain c as a function of volume fraction for PEG/spray-dried and freeze-dried CNC 
nanocomposites. 
 
Fig. 9 presents the variations of the elastic G’ (a) and loss G” (b) moduli as 
functions of angular frequency, in the linear viscoelastic domain  < c, for various 
contents of spray-dried CNCs in nanocomposites, initially sonicated at P = 50 W and E = 
10, 000 J/ gCNC. The behavior of other samples is similar. The elastic G’ and loss G” 
moduli are a quadratic and linear functions of angular frequency for the PEG Newtonian 
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matrix, respectively. For  ≥ 0.15 vol%, the rheological behavior of PEG/CNC 
nanocomposites shows an elastic plateau modulus G’0, higher than the loss modulus G”0, 
indicating a gel behavior attributed to the percolation network between CNC, as observed 
in Fig. 2. These plateau moduli increase of about 3 decades for a volume fraction up to 
3.8 vol%. 
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FIG. 9. Elastic G’ (a, filled symbols) and loss G’’ (b, open symbols) moduli as functions of angular 
frequency  for PEG/spray-dried CNC nanocomposites. 
 
Figs. 10(a) and 10(b) report the complex viscosity * as a function of the complex 
modulus G*, in linear domain  < c, for PEG/spray-dried (a) and freeze-dried CNC (b) 
nanocomposites after different initial ultrasonication treatments. 
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FIG. 10. Complex viscosity * as a function of complex modulus G* for PEG/spray-dried (a) and freeze-
dried (b) CNC nanocomposites. Filled symbols represent data for P = 10 W and open symbols those for P= 
50 W; lines correspond to the Herschel-Bulkley model fits. 
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The experimental data are fitted with the modified Herschel-Bulkley model: 
 
1
0
*
0* )(  nkG                    (8) 
where the power-law index, n, was taken equal to 1 because PEG exhibits a Newtonian 
behavior over the entire frequency range studied (Fig. 9). Parameters G*0, , k and 0 are 
the complex modulus plateau at low frequencies, the angular frequency, the consistency 
index and the strain amplitude at which the tests were performed, respectively. 
For an equivalent volume fraction , the data corresponding to nanocomposites 
obtained after a strong ultrasonication (open symbols) are overall above those measured 
after a weaker ultrasonication (filled symbols), for both spray and freeze-dried systems, 
in agreement with the Z-average hydrodynamic diameter measurements (Table I) and the 
presence of agglomerates at the lower ultrasonication energy (E = 5,000 J/gCNC). No 
significant apparent yield stress could be determined for suspensions containing less than 
0.15 vol%, which corresponds to the percolation threshold (Fig. 2), c.  This value is 
considerably lower than those reported for PLA/CNC composites (c ~ 0.5 - 2 vol%) 
[17,41] or polycarbonate/carbon nanotubes (PC/CNT) (c ~ 0.45) [76]. Above c, the 
percolated network induces a yield behavior at low frequencies, characterized by an 
apparent yield stress defined by 0* = G0* c.  
 
Fig. 11 presents the variation of the apparent yield stress 0* as a function of 
volume fraction  for PEG/spray-dried (a) and freeze-dried CNC (b) nanocomposites for 
different initial ultrasonication treatments. The solid and dotted lines are best fits of 
power-law expressions, * 1.80  , for the ultrasonic treatment at 5,000 and 10,000 J/gCNC, 
respectively.  Overall, the apparent yield stress values 0* are higher for the PEG/CNC 
nanocomposites prepared after a strong ultrasonication treatment (E = 10,000 J/gCNC), 
corresponding to well-dispersed systems. The presence of some remaining agglomerates 
for the lower ultrasonicated composites (E = 5,000 J/gCNC) shifts the curve towards higher 
volume fractions, especially for PEG/freeze-dried CNC containing larger agglomerates 
(Table I). The presence of agglomerates seems to delay, in terms of volume fraction , 
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the percolation threshold. More specifically, we need to add 25% (Fig. 11(a)) and 50% 
(Fig. 11(b)) more CNCs, respectively, in the case of PEG/CNC spray and freeze-dried 
CNC containing agglomerates, to obtain a nanocomposite with an equivalent yield stress. 
The apparent yield stress values are similar for well dispersed spray-dried and freeze-
dried CNC nanocomposites and 0* increases as a function of  with a power-law 
exponent n of 1.8, which is much smaller than the value of 6.3 reported by Kamal and 
Khoshkava [41] for PLA/CNC composites prepared by melt mixing. However, it is close 
to those calculated by Bagheriasl et al. [17] for PLA/CNC nanocomposites elaborated by 
solution mixing (exponent of 2.6), by Aubry et al. [75] and by Rahatekar et al. [77] 
(modeled by Bounoua et al. [78]) for PA/OMMT and epoxy/CNT nanocomposites, 
respectively (exponent of 2). Furthermore the percolation threshold, c, is much smaller 
for PEG/CNC nanocomposites (~ 0.15 vol%) than for PLA/CNC nanocomposites (0.5 
and 2 vol%) [17,41]. Beyond the probably better nanodispersion state achieved via a 
good solvent solution mixing method in water and an efficient ultrasonication treatment, 
this lower threshold could be partially explained by the better affinity between the matrix 
and the filler [72], as suggested by the lower interfacial tension PEG-CNC = 3.98 mJ/m2 
(Eq. (3) and Table II) compared to PLA-CNC = 6.38 mJ/m2 (using the surface tension of  
PLA reported by Khoskava [51]). 
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FIG. 11. Apparent yield stress 0* as a function of volume fraction for PEG/spray-dried (a) and freeze-dried 
(b) CNC nanocomposites. 
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The elastic modulus at low frequencies G’0 conveys similar information as the 
apparent yield stress 0*. It is plotted as a function of volume fraction  in Fig. 12 for 
PEG/spray-dried (a) and freeze-dried CNC (b) nanocomposites after different initial 
ultrasonication treatments. The elastic modulus plateau G’0 follows a power-law 
expression with an exponent of 2.7 ( 2.70'G  ), similar to 2.6 obtained by Abbasi et al. 
[76] for well dispersed carbon nanotube (CNT) in polycarbonate (PC).  As observed for 
the apparent yield stress 0*, the presence of agglomerates decreases the elastic response 
of the nanocomposites by trapping a large amount of CNCs that apparently play no 
significant role on the percolated network structure. 
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FIG. 12. Elastic modulus plateau 0'G  as a function of volume fraction  for PEG/spray-dried (a) and 
freeze-dried (b) CNC nanocomposites. 
 
Shih et al. [79] proposed a scaling model to determine the fractal dimensions of a 
colloidal gel floc structure df and of its backbone x. They considered an extremely strong-
like gel where the interfloc links are stronger than the intrafloc ones, compared to an 
extremely weak-like regime where the intrafloc links are stronger than the interfloc ones. 
The fractal dimensions df and x are related to the power-law expression exponents for c 
and 0'G as a function of : 
        AG 0'     (9) 
and             Bc       (10) 
where    )/()( fddxdA    (11) 
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and    )/()1( fddxB    (12) 
with the Euclidian dimension of the system, d = 3.  
 
As reported above, 2.70'G  and 0.8c  for the PEG/CNC nanocomposites. 
Hence, from Eqs. (10) – (13) the fractal dimension characterizing the floc structure is df ~ 
2, suggesting a 2-D network (could be imagined as a layer network while it is often 
considered as 3-D), apparently observed in Fig. 2. This value is similar to those measured 
by small-angle neutron scattering in the case of CNC hydrogels [80]. It is worth pointing 
out that compression molding in the molten state of the PEG/CNC composites could 
modify the image obtained by TEM (Fig.2). However, x is equal to -0.15, which does not 
make any physical sense. Recently, Wu et al. [49] extended the Shih et al. model and 
defined a new parameter  attributed to a transition  (0 <  < 1) from extremely strong-
like ( = 0) to weak-like ( = 1) gels: 
           )/( fddA      (13) 
and     )/()1( fdddB     (14) 
where    )1)(2()2(   xd   (15) 
 
They proposed setting the backbone fractal dimension x between 1 and 1.3, as 
usually reported for colloidal gels. This leads to the same fractal dimension df ~ 2 and the 
parameter   = 0.38 - 0.44 for PEG/CNC nanocomposites, suggesting that the 
contribution of interfloc links is slightly more important. Finally, it is worth pointing out 
that the network characterization described above was performed for a compatible system 
prepared in favorable solution mixing conditions, and could be affected by the stress 
applied during subsequent compression molding. Results could be different in the case of 
composites based on conventional non-polar thermoplastic matrices and prepared from 
the melt state in extrusion or injection molding. 
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4 Conclusion 
 
Our rheological data on suspensions of CNCs in aqueous solution of PEG suggest 
that PEG chains do not absorb on CNCs. Gelation due to depletion forces is the most 
probable mechanism for aqueous suspensions containing relatively high concentrations of 
both PEG (40 wt%) and CNC (2 vol%). The intrinsic viscosity values of PEG/CNC 
aqueous suspensions highlight a decrease of electrostatic repulsion between CNCs with 
the addition of the polymer. After drying and compression molding, the PEG/CNC model 
nanocomposites in the molten state show exceptional viscoelastic properties, 
characterized by apparent yield stress values beyond a percolation threshold volume 
fraction of 0.15 vol%, in agreement with the network observed by TEM at 0.2 vol%. The 
critical strain amplitude and the elastic plateau modulus follow, respectively, a power law 
with an exponent -0.8 and 2.7 as a function of volume fraction, close to the values 
reported in the literature for well dispersed nanocomposites. The presence of some 
agglomerates decreases the rheological properties and imposes to add more CNCs in 
order to obtain similar values (+ 50% in the worst dispersion case studied). However, the 
percolated network structure governing the rheological behavior is unaffected by the 
presence of these agglomerates. Finally, the Shih et al. model was used to determine a 
fractal dimension of 2, suggesting a 2D network of CNCs in the PEG matrix, mainly 
controlled by interfloc links. This work demonstrates the important potential of bio-based 
and biodegradable CNCs to reinforce thermoplastic matrices and improve their end-
properties. The thermodynamic, structural and rheological tools developed in this work 
will be helpful for future CNC applications. 
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